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Plant physiology: Spreading a drought warning
Alistair M. Hetherington
Communication between the root and the shoot forms
a central part of the coordinated response of plants to
drought. Recent evidence suggests that a K+ channel
expressed in the stelar tissue of the root may have a
major role in this process.
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Plants experience drought stress either as part of a
developmental programme, such as during seed matura-
tion, or because of reductions in water availability in the
soil. The effects of drought on crop plants range from
relatively minor reductions in yield to the devastating
wholesale destruction of crops that leads to famine. As
every gardener knows, some plants are very sensitive to
drought, whereas others are less so — the resurrection
plant Craterostigma plantagineum, for example, can survive
the loss of 98% of the relative water content of its leaves.
Understanding how plants are able to withstand periods of
drought has obvious agronomic importance and as such
has been the subject of much research [1].
Underlying the ability of plants to withstand periods of
drought are morphological, physiological and biochemical
adaptations. Many of the genes that contribute to these phe-
notypic modifications have been isolated and characterized.
The expression of some, but not all, of these genes is reg-
ulated by the plant hormone abscisic acid (ABA), levels of
which build up during drought [1]. In addition to directing
the expression of genes involved in desiccation tolerance,
ABA also has a central role in conserving water in the
plant. It does this by reducing the amount of water loss
during transpiration.
Transpiration involves the flow of water and nutrients from
their point of entry in the root, through the vascular system
to the aerial parts of the plant (Figure 1). This process is
driven by the evaporation of water vapour from the sur-
faces of the cells that line the sub-stomatal air chambers in
the leaf, and is regulated by the aperture of the stomatal
pores. When the plant experiences drought, the guard cells
reduce turgor and the stomatal pore closes reducing water
loss (Figure 2). It was suggested many years ago [2] that
chemical signals originating in the root — where the site of
drought perception is presumably located — are responsi-
ble for reducing stomatal aperture. Although other mole-
cules have been put forward, ABA has long been regarded
as the chief suspect in the hunt for the long-distance sig-
nalling molecule. This is because ABA is synthesised in
roots in response to drought, and when applied to leaves it
causes reductions in stomatal aperture [3].
A recent paper [4] has provided some fresh insights into
long-distance signalling and other aspects of the plant
response to drought. Gaymard et al. [4] have characterized
an Arabidopsis K+ channel gene, SKOR, which is expressed
Figure 1
The transpiration stream in a plant. The
pathway followed by water and minerals from
the soil, through the root into the vascular
system and hence to the leaves, is indicated
by the blue arrows. The whole process is
driven by the loss of water vapour from the
stomatal pores on the surfaces of the leaves.
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specifically in root stelar tissue. The authors isolated a
cDNA for this K+ channel on the basis of sequence simi-
larity to previously cloned plant K+ channel genes.
Sequencing analysis revealed that the encoded protein is a
member of the ‘Shaker’ K+ channel family. But when the
SKOR RNA was injected into Xenopus oocytes, electro-
physiological analysis indicated that, in contrast to other
plant members of the Shaker family, the SKOR product is
an outwardly-rectifying K+ channel. Interestingly, they
also found that the channel is permeable to Ca2+ ions in
the opposite — inward — direction.
In order to determine where SKOR is expressed, Gaymard
et al. [4] made transgenic plants expressing a GUS reporter
gene — expression of which can readily be detected by
staining for the encoded enzyme activity — under the
control of the SKOR promoter region. When these plants
were analyzed, GUS expression was seen to be localized
to the root, and more specifically to the pericycle and
xylem parenchyma tissue of the stele (Figure 1). These
patterns of expression led the authors to propose that the
role of the SKOR channel was in loading the xylem ele-
ments with K+ ions. Thus, it appeared that they had iden-
tified a key element involved in the control of K+ loading
directly into the transpiration stream. Interestingly, from
the point of view of the current perspective, they also
showed that application of ABA resulted in a rapid
decrease in SKOR mRNA levels.
These observations pointed towards a key role for the
SKOR channel in regulating the K+ and Ca2+ content of
the transpiration stream. To investigate this possibility
Gaymard et al. [4] searched a collection of T-DNA-
transformed Arabidopsis plants for mutants in which the
SKOR gene had been disrupted by a T-DNA insert. They
isolated such a mutant, skor-1, and found that, although its
root K+ content was unaffected, its shoot K+ content was
reduced by about 50% relative to wild type. The authors
concluded that this was the result of decreased transloca-
tion of K+ ions from the roots to the leaves. They also
observed that the decrease in shoot K+ content in the
mutant appeared to be almost entirely compensated by an
increase in shoot Ca2+ content.
These are fascinating results and, as is often the case, seem
to raise more questions than they provide answers. In addi-
tion to giving an important insight into the process of xylem
K+ loading, the results might prove invaluable in addressing
the question of how plants produce a coordinated response
to drought. In particular, the demonstration that application
of ABA reduced SKOR mRNA levels is important, as it
might result in less K+ loading into the xylem. In fact, these
data correlate well with recent results from Roberts [5], who
demonstrated that both drought stress and ABA reduced
the activity of a previously characterized [6] outwardly-rec-
tifying K+ channel in stele cells. Both sets of data suggest
that drought should reduce K+ loading into the xylem, and
this prediction is borne out by the data from the skor-1
mutant plants, which as mentioned above have a decreased
shoot K+ content, but increased shoot Ca2+ content.
Is an alteration in the K+/Ca2+ ratio part of a root-derived
signalling system involved in the conservation of water?
There are certainly data showing that extracellular
(apoplastic) Ca2+ ions cause oscillations of the guard cell
cytosolic free Ca2+ concentration, and induce reductions in
the diameter of the stomatal pore [7]. But if an increase in
shoot Ca2+ content, or reduction in shoot K+ content, as a
result of the downregulation or inhibition of the SKOR
channel does play a role in drought signalling, it would
seem likely that it is not the only root-derived signal
involved in the control of stomatal aperture. 
Wilkinson and Davies [8] have recently shown that an
early event in drought signalling in tomato is an increase in
the pH of the xylem sap. They propose that the increase in
sap pH is a signal from the roots, which brings about reduc-
tions in stomatal aperture by preventing sequestration of
existing leaf apoplastic ABA. This would allow a drought-
induced reduction in stomatal aperture that is independent
of a root-derived ABA signal. To what extent are increases
in sap pH and Ca2+ likely to form part of a general response
to drought? From the evidence presently available, the
picture is still somewhat muddy. For example, experi-
ments on castor bean [9] showed that xylem sap pH
declined during drought, and other investigations on sun-
flower [10] showed that, during reductions in soil water
availability, there were no alterations in xylem sap K+
content, but that xylem Ca2+ content was reduced.
The skor-1 mutant should be an immensely valuable
resource for plant physiologists interested in root-to-shoot
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Figure 2
Guard cells control water loss. Infra-red thermograms of the leaf surface
of a wild-type Arabidopsis seedling (a) and the abi1-1 mutant (b). In
these thermograms, leaf temperature is depicted in pseudo-colour using
the scale indicated on the vertical axes. The abi1-1 mutant is insensitive
to the drought hormone ABA and consequently the stomatal pores
gape abnormally wide. At room temperature, the increased transpiration
in the mutant results in a greater evaporative cooling of the leaf. This is
why the mutant displays a lower leaf-surface temperature than the wild
type. (G. Holroyd and A.M.H., unpublished observations.)
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communication during drought. It should now be possible
to tackle directly the question of whether alterations in
the shoot K+/Ca2+ ratio form part of the drought signal, for
example by determining leaf gas-exchange characteristics
and expression of known drought-induced genes in skor-1
mutant plants. Overall, the work of Gaymard and co-
workers [4] is a fine example of how combining molecular
genetic approaches with whole plant and cell physiological
techniques can yield insights into some of the most appar-
ently intractable problems. Further phenotypic analyses of
the skor-1 mutant are eagerly awaited — they may reveal a
central role for the SKOR channel in coordinating the
drought responses in higher plants.
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